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a  b  s  t  r  a  c  t
E-glass  ﬁbres  are used  in  products  such  as  printed  circuit  boards,  wind  turbine  blades,  pipes,  marine
vehicles  and pressure  vessels.  With  reference  to the  production  of  ﬁbre  reinforced  composites,  the rein-
forcement  (E-glass)  is  impregnated  with  a resin  system,  consolidated  and  generally  processed  by  the
application  of heat.  This  results  in  the  resin  system  being  converted  from  a  liquid  or semi-solid  to a  highly
cross-linked  and  infusible  solid.  There  is  signiﬁcant  interest  in monitoring  the  progression  of these  cross-
linking  or  chemical  reactions  and  a number  of  optical  and  electrical,  ultrasonic-based  techniques  have
been  developed  and  demonstrated.  The  current  paper  reports  on  the  use  of  the reinforcing  E-glass  ﬁbres
to track  the cross-linking  of  commercially  available  epoxy/amine  resin  systems.  The mode  of interroga-ross-linking
rocess monitoring
ibre optics
tion  was  based  on using  the  E-glass  ﬁbres  as  evanescent  wave  sensors  thus  enabling  Fourier  transform
infrared  spectroscopy  to be conducted.  This  enabled  the  cross-linking  reactions  at the  glass/resin  interface
to  be monitored.  Conventional  transmission  Fourier  transform  infrared  spectroscopy  experiments  were
also conducted.  The  cross-linking  kinetic  data  from  the  two methods  were  modelled  and  compared.  A
good  correlation  was  obtained  between  the experimental  and  predicted  data  using  a single  rate  constant.
© 2016  The  Authors.  Published  by Elsevier  B.V. This  is  an open  access  article  under  the  CC BY  license. Introduction
E-glass ﬁbres are used extensively as the reinforcement in the
roduction of high-volume and high-value ﬁbre reinforced com-
osites. The preﬁx “E” in E-glass is used to describe its primary area
f applications (electrical grade) and composition (predominantly
xides of boron, sodium, calcium, aluminum and silicon). The ﬁl-
ments are produced by drawing the molten material through
ushings that contain a multitude of ﬁne oriﬁces [1]. The array
f molten ﬁlaments is spray-cooled to prevent crystallization. A
binder” solution is applied before the ﬁlaments are gathered into
 bundle and wound to produce a creel. The term “Tex” is used to
escribe the bundle; Tex is deﬁned as the mass in grams of 1000 m
f the ﬁbre bundle. A characteristic feature of E-glass is its low
ielectric strength and as such, it is used extensively in the manu-
acture of printed circuit boards and applications where electrical
nsulation is required. The mechanical properties of E-glass ﬁbres
∗ Corresponding author.
E-mail address: g.fernando@bham.ac.uk (G.F. Fernando).
ttp://dx.doi.org/10.1016/j.snb.2016.05.126
925-4005/© 2016 The Authors. Published by Elsevier B.V. This is an open access article u(http://creativecommons.org/licenses/by/4.0/).
and its relative cost are key drivers in its extensive utilisation in
the chemical, construction, wind energy, recreation, aerospace and
marine industries.
With reference to the production of thermoset-based compos-
ites, the E-glass preform (ﬁbre bundle or fabric) is impregnated with
a resin system (for example, epoxy/amine, vinyl ester, polyester),
stacked, with the ﬁbres in the required direction, and consolidated.
The cross-linking reactions are generally initiated when the resin
and hardener is mixed, and they are accelerated by the application
of heat. Since the focus of the current paper is on epoxy/amine resin
systems, Fig. 1 presents generalised reactions involving these two
classes of functional groups [2]. In Fig. 1, reaction scheme (i) rep-
resents the predominant reaction pathway between the epoxy and
primary amine functional groups whilst reaction scheme (ii) shows
the generalised reaction between the secondary amine that is
formed as a consequence of reaction (i). Side-reactions (iii) and (iv)
are also known to occur under certain conditions. For example, as
illustrated in (iii), hydroxyl groups are known to catalyse the epoxy
ring opening reactions [3]. Techniques such as differential scan-
ning calorimetry [4] and Fourier transform infrared spectroscopy
[5–8] continue to be used extensively to characterise thermoset-
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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rig. 1. Generalised reaction schemes for an epoxy resin and amine hardener system:
nd  epoxy leading to an ether link; and (iv) homo-polymerisation of the epoxy func
ing resins. More recently, a number of optical ﬁbre-based sensing
echniques have been developed to track the progression of the
ross-linking reactions [9,10]. With reference to optical ﬁbre-based
ourier transform infrared spectroscopy, quantitative and real-
ime data can be acquired on the relative depletion of reactive
unctional groups as a function of the processing temperature and
ime. The feasibility of using the reinforcing ﬁbres as a sensor for
hemical process monitoring and damage detection has also been
emonstrated [11]. The advantages of using reinforcing glass ﬁbres
s the sensing device are as follows: (i) they can provide in-situ
nformation on the cross-linking kinetics of thermosetting resins;
ii) the sensors can be interrogated in the intensity or evanescent
odes where qualitative and quantitative data respectively can be
btained; (iii) the sensor does not cause any perturbation to the
einforcing ﬁbres since there is no diameter mismatch; and (iv)
niquely, they provide a means for obtaining cross-linking data
n the vicinity of the interface between the reinforcing ﬁbres and
he matrix [12]. In addition to transmission and reﬂection Fourier
ransform infrared spectroscopy, attenuated total reﬂections (ATR)
pectroscopy is a long-established method for identifying speciﬁed
unctional groups [13,14]. ATR spectroscopy is based on the absorp-
ion of the evanescent ﬁeld by the medium. The theoretical aspects
f evanescent wave spectroscopy are presented in Section 2.5.
The aim of the present paper is to demonstrate that conven-
ional E-glass ﬁbres can be used as pseudo-optical ﬁbres to monitor
he progression of cross-linking reactions using evanescent wave
pectroscopy. The primary advantage of this approach is that the
einforcement itself is used as the sensing element thus providing a
epresentation of the cross-linking reactions occurring at the glassmary amine reaction; (ii) secondary amine reaction; (iii) reaction between hydroxyl
l group.
ﬁbre/resin interface. Furthermore, since the surface composition of
the “sensor” in this instance is similar to the reinforcing ﬁbres, the
cross-linking reactions as a function of speciﬁed surface-treatments
can be investigated.
2. Materials and methods
2.1. Sensor
Commercially produced E-glass ﬁbres were used as the sensor
for monitoring the cross-linking reactions. E-glass ﬁbres are gen-
erally supplied with a proprietary binder system that secures the
individual ﬁlaments together. However, in this instance, water-
sized E-glass ﬁbres were supplied by PPG Industries (UK). These
bundles consisted of approximately 2500 individual ﬁlaments with
a diameter of 15 ± 3 m.  The refractive index of the E-glass preform
(disks) was  1.56; these measurements were conducted on an Abbe
refractometer at 589.6 nm and 20 ◦C using bromo-naphthalene as
the contact liquid. Approximately 8 cm of the bundle was cut from
the creel using a razor blade. In order to enable efﬁcient coupling
of light into and out of the ends of the bundle, they were pot-
ted into sub-miniature A-type (SMA) connectors using an epoxy
resin (EPO-TEK® 314, Promatech Ltd). The refractive indices at the
start and end of the cross-linking reactions were measured to be as
1.4917 and 1.5162 respectively. The protruding ends of the bundle
were ground and polished using an optical ﬁbre polishing unit (APC
8000 polisher, SENKO Advanced Composites Ltd). A photograph of
a polished section of the E-glass ﬁbre bundle with a pair of end-
connectors is shown in Fig. 2. The length of the sensing area was
360 L. Wang et al. / Sensors and Actuators B 236 (2016) 358–366
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Fig. 3. The experimental set-ups for: (a) conventional transmission spectroscopy;
and (b) evanescent wave spectroscopy. The details of the coded items are as fol-
lows: i—temperature regulated transmission FTIR spectroscopy cuvette holder with
integral SMA  connectors for linking to the spectrometer via a ﬁbre optic cable;ig. 2. Photograph showing a length of the water-sized E-glass bundle potted in a
air of SMA  connectors.
pproximately 6 cm.  In other words, in addition to the un-potted
egion seen in Fig. 2, the sections of the bundle inside the SMA  con-
ectors also serve as the sensing region. This was possible because
nly the protruding regions of the SMA  connectors contained the
otting resin. Thus, when the sensing region is impregnated with
he resin, it can wick into the SMA  connector.
.2. Resin systems
The epoxy/amine resin system used in this study was  EPO-
EK 310M® (Promatech Ltd, UK). The refractive indices of this
esin system as a function of temperature was described by
(refractiveindex) = −0.0006X(temperature) +1.5504 [15]. Thus, it was
ossible to track the cross-linking reactions to completion using
-glass ﬁbres as the evanescent wave sensor. The stoichiomet-
ic ratio for this epoxy/amine resin system was 1:0.55. The two
omponents were mixed manually and then degassed in a vac-
um chamber for 15 min. The mixed resin systems were cured
sothermally at 35 ◦C, 45 ◦C, 55 ◦C and 65 ◦C for speciﬁed periods.
n industrial epoxy/amine resin system (LY3505/XB 3403, Hunts-
an Advanced Materials, UK) was also used to demonstrate that
he cross-linking reactions could be monitored using E-glass ﬁbre
undles and evanescent wave spectroscopy. It is known that the
efractive indices of thermosetting resins generally increase as a
unction of the cross-link density [2,8,9]. The refractive indices of
he LY3505/XB3403 resin (measured at 25 ◦C) at the start and after
sothermal cross-linking at 70 ◦C were 1.525 and 1.562 respectively.
ince the refractive index of the E-glass preform (disk) is 1.56,
vanescent wave spectroscopy can be used in conjunction with E-
lass ﬁbres up to the point where the refractive index of the resin
ystem (cladding) approaches and exceeds that of E-glass ﬁbres
core). The rationale for the selection of the second resin was to
emonstrate that partial data acquisition during processing could
e used to predict the cross-linking kinetics.
.3. Conventional transmission FTIR spectroscopy
Spectra were collected during the cross-linking reactions from
100 to 4000 cm−1 via a Bruker MATRIXTM -F Duplex FT-NIR
pectrometer (Bruker Optics Ltd, UK) operating at a resolution
f 4 cm−1over 64 scans. A CUV-TLC-50 F temperature-controlled
uvette holder (±0.02 ◦C) from Ocean Optics Inc., Netherlands,
oused a demountable optical glass cuvette with a path length of
 mm (Starna, UK). RTV silicon rubber (3 M)  was used to seal the
wo halves of the demountable cuvette. A syringe was  used to dis-
ense the mixed and degassed resin system into the glass cuvette.
ith reference to Fig. 3(a), two low-OH optical ﬁbre probes were
sed: one to deliver light from the spectrometer to the cuvette and
he other to collect the light that is transmitted through the cuvette
nd direct it to the InGaAs detector of the spectrometer.
.4. Cross-linking kineticsThe cross-linking kinetics of thermosetting resin have been
nvestigated widely and a variety of kinetic models have been
roposed [16–20]. In a previous study [21], the authors usedii—demountable 1 mm path length quartz cuvette; iii—SMA connector enabling opti-
cal  connection to the spectrometer; iv—impregnated E-glass bundle attached to a
pair of SMA connectors; v—thermocouple; and vi—purpose-built oven.
an autocatalytic model to cross-correlate the cross-linking data
from a conventional differential scanning calorimeter (DSC) and a
hyphenated analytical technique based on simultaneous DSC/FTIR
spectroscopy [21]. The autocatalytic model can be described as:
d˛
dt
= k˛m × (1 − ˛)n (1)
where k is the rate constant,  is the conversion of a speciﬁed func-
tional group, t is time, and m and n represent the reaction orders.
In this current study involving EPO-TEK® 310M, equation 10 was
elaborated to model the cross-linking kinetics under isothermal
conditions using reaction orders of m = 0.35 and n = 1.65:
d˛
dt
= k˛0.35 × (1 − ˛)1.65 (2)
∫
d˛
˛0.35 × (1 − ˛)1.65
= kt (3)
t = 1
k
20
13
(
˛
1 − ˛
)0.65
(4)
The degree of epoxy conversion () was  calculated from the
evanescent wave and transmission FTIR spectra using Eq. (5):
˛ = 1 −
⎡
⎣
AEpoxy,t
AReference,t
AEpoxy,t=0
AReference,t=0
⎤
⎦ (5)
where AReference,t = 0 and AReference,t refer to the areas of the “inert”
or reference peak (4620 cm−1) at the start of the reaction (t = 0) and
after time (t) respectively. AEpoxy,=0 and AEpoxy,t are the areas of the
epoxy peak (4530 cm−1) for the uncured and partially cured resin
at a speciﬁed time respectively.
2.5. Evanescent wave FTIR spectroscopy
The following section set out the background theory for evanes-
cent wave spectroscopy. Consider an interface of an optically
denser and rarer media with refractive indices n1 and n2 respec-
tively. When light is incident from the denser medium at the
interface of the denser-rarer media with an angle of incidence
greater than the critical angle, deﬁned as,
c = sin−1
(
n2/n1
)
(6)the beam is totally reﬂected back into the denser medium. Inter-
estingly, light is not instantaneously reﬂected when it reaches the
interface instead of this the superposition of incident and reﬂected
beams results in the formation of a standing electromagnetic wave
L. Wang et al. / Sensors and Actua
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nd  (c) penetration depth as a function of refractive index of rarer medium (n2) for
ifferent values of angle of incidence of the ray with n1 = 1.56 and  = 589.6 nm.
t the interface as shown in Fig. 4(a). The electric ﬁeld amplitude
s maximum at the interface and it decays exponentially along the
utward normal to the interface. The decaying ﬁeld in the rarer
edium is called the evanescent ﬁeld whilst the electromagnetic
ave associated with it is called the evanescent wave, and it propa-
ates along the interface [22]. The electric ﬁeld amplitude (E) along
he normal to the interface at a distance x is given by:
 = E0exp
(
−x/dp
)
(7)
here Eo is the electric ﬁeld amplitude at the interface and dp is the
enetration depth whose magnitude is given by:
p = 
2
(
n21sin
2 − n22
)1/2 (8)
here  is the wavelength of light in vacuum and  is the angle
f incidence of the ray with the normal to the interface. Fig. 4(b)
hows the presence of an evanescent ﬁeld in an optical ﬁbre with
1 as the refractive index of the core and n2 as the refractive index of
he cladding region. The energy distribution in the core has its peak
n the axis of the ﬁbre whilst the evanescent ﬁeld in the cladding
ecays exponentially in the direction normal to the core-cladding
nterface. The existence of an evanescent ﬁeld is used extensively
or chemical sensing. If the ﬁbre cladding is replaced by an absorb-
ng medium, the evanescent ﬁeld is absorbed by the medium giving
ise to a reduction in the power transmitted through the ﬁbre. The
bsorption of the evanescent ﬁeld by the cladding medium has been
xploited for the development of a large number of chemical and
iological sensors. The larger the absorption, the greater the sen-
itivity of the sensor. For a given absorbing medium, the amount
f absorption depends on the penetration depth of the evanescenttors B 236 (2016) 358–366 361
ﬁeld. An increase in the penetration depth increases the absorption
and hence the sensitivity of the sensor. For a given light source and
ﬁxed refractive index of the core of the ﬁbre, the penetration depth
depends on the refractive index of the absorbing cladding medium,
and the angle of incidence of the beam at the core-cladding inter-
face. Fig. 4(c) shows the variation of penetration depth with the
refractive index of the cladding medium for different values of the
angle of incidence greater than the critical angle. It may  be noted
from Fig. 4(c) that for a given angle of incidence, as the refractive
index (n2) of the cladding medium increases, the penetration depth
increases. It may also be noted that, for a given refractive index
of the cladding medium, the penetration depth increases with the
decrease in the angle of incidence. Since the refractive index of the
resin around the E-glass ﬁbre increases during cross-linking the
penetration depth will also increase during cross-linking and hence
the absorption of the evanescent ﬁeld by the resin. In addition to
this, the critical angle also increases during the cross-linking. Thus
the absorption of light transmitted through the ﬁbre will change
during cross-linking. This will further be affected if the absorption
coefﬁcient of the resin changes during cross-linking. In the case
of an optical ﬁbre, a large number of reﬂections of a ray occur at
the core-cladding interface as it propagates. For a ray with  as the
angle of incidence, the number of reﬂections per unit length of the
ﬁbre of core radius  is given by [23]:
N = cot 
2
(9)
The larger is the number of reﬂections, the greater the absorp-
tion. If Po is the power transmitted by the ﬁbre in the absence of
resin around the core, then the power transmitted in the presence
of resin is given by:
P = Poexp (−L) (10)
where L is the length of the ﬁbre with resin around it and  is
the evanescent absorption coefﬁcient of resin and is written as:
 = NT (11)
where T is the Fresnel transmission coefﬁcient of the light at
the interface of a lossless core and lossy cladding. If n2 − ik is the
refractive index of resin, then T can be written as:
T = ˛n2cos
n1cos2c
(
n21sin
2 − n22
)1/2 (12)
where  ˛ = 4k/ is the bulk absorption coefﬁcient of the resin at
wavelength . The evanescent absorption coefﬁcient for a given
angle  and refractive index of resin (n2) is given by:

(
, n2
)
= ˛n2 cos cot
2n1cos2c
(
n21sin
2 − n22
)1⁄2 (13)
If all the guided rays are launched into the ﬁbre, then the effec-
tive evanescent absorption coefﬁcient of resin is given by [24]:
eff n2 =
∫ ⁄2
c
p   , n2 d∫ /2
c
p  d
(14)
where p() is the power distribution of the rays. Since during
cross-linking the refractive index of the resin changes, the limit
of integration in the above equation will also change because of
the change in the critical angle. Thus the progress of cross-linking
reactions can be monitored through the monitoring of change in
effective evanescent absorption coefﬁcient.
The previously mentioned near-infrared FTIR spectrometer was
used to acquire evanescent wave spectra during the cross-linking
of the two  resin systems. Spectra were obtained at a resolution
362 L. Wang et al. / Sensors and Actuators B 236 (2016) 358–366
Fig. 5. Transmission and EWS  FTIR spectra for EPO-TEK® 310M resin systems.
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f 2 cm−1 over 128 scans. An external white-light source, WLS100
Bentham Instruments Ltd., UK) was used to illuminate the glass
bre bundle. The ﬁbre bundle with the SMA  connectors (Fig. 2),
ere impregnated manually with the degassed resin system. The
bre bundle was secured in a custom-made oven and maintained
t the required isothermal temperature (±0.2 ◦C). Prior to any
xperiments being undertaken, the oven was calibrated using a
hermocouple; the thermocouple was then used to monitor tem-
erature and provide temperature control during the curing of the
esin system. A schematic illustration of the experimental set-up for
vanescent wave-based monitoring of the cross-linking reactions
s shown in Fig. 3(b).
. Results
Fig. 5 shows typical FTIR and EWS  spectra for the EPO-TEK®
10M resin system. The associated peak assignments are sum-
arised in Table 1. With reference to Fig. 5, good correlation is
bserved between the absorbance bands of the various functional
roups of the resin system using conventional transmission FTIR
pectroscopy (bold line) and E-glass-based evanescent wave FTIR
pectroscopy (thin line).Fig. 8. Epoxy conversion  (%) for EPO-TEK® 310M, cross-linked at 35 ◦C.
The effect of isothermal cross-linking of the EPO-TEK® 310M
resin, using conventional FTIR spectroscopy, at 35, 45, 55 and
65 ◦C is shown in Fig. 6 where as expected, the rate of initial con-
version of the epoxy functional group increases with increasing
temperature. A higher initial extent of conversion is also observed
as the isothermal curing temperature is increased. On  inspecting
Fig. 7, which represents the corresponding datasets for the isother-
mal  cross-linking of the EPO-TEK® 310M using E-glass ﬁbres as
the evanescent wave sensor, an excellent correlation is observed
between the experimental and predicted data sets up to in excess of
90% epoxy conversion. A comparison of the epoxy functional group
consumption using the data from conventional transmission and
evanescent wave spectra, at each isothermal condition, is presented
in Figs. 8–11. Fig. 12 shows an Arrhenius plot of ln(k) against 1/T
for the evanescent wave sensor and conventional transmission FTIR
spectroscopy. Error bars of 5 percent were added to data obtained
for the transmission FTIR dataset as shown in Fig. 12. As stated pre-
viously, evanescent wave spectroscopy of epoxy resins involving
E-glass ﬁbre bundles can be conducted until the refractive index of
the cross-linking resin approaches that of E-glass. This means that
the cross-linking kinetics of other classes of resins, other than EPO-
L. Wang et al. / Sensors and Actuators B 236 (2016) 358–366 363
Table  1
Summary of functional groups and peak assignments for the EPO-TEK® 310M resin system before cross-linking.
Peak Number Wavenumber(cm−1) Characteristic Functional Group
1 6498 First overtone of primary and secondary amine
2  6044 Aromatic band
3  5830 First overtone of CH2
4 5189 Overtone of CH3
5 4917 Primary amine
6  and 7 4630 Aromatic band
8  4522 Oxirane ring
9  4327 Overtone of unsaturated CH
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Fig. 9. Epoxy conversion (%) for EPO-TEK® 310M cross-linked at 45 ◦C.
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Fig. 11. Epoxy conversion  (%) for EPO-TEK® 310M cross-linked at 65 ◦C.
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Fig. 12. Arrhenius plots for the EPO-TEK® 310M resin system when using con-Fig. 10. Epoxy conversion  (%) for EPO-TEK® 310M cross-linked at 55 ◦C.
EK® 310M, can be tracked in real-time up to a point. This is shown
n Fig. 13(a) and (b) and for a commercial epoxy/amine resin sys-
em (LY3505/XB3404, Huntsman) where E-glass ﬁbres were used
s the sensor for cross-linking of the resin at 60 and 70 ◦C.
. Discussion
With reference to the data presented in Fig. 5, the relative ampli-
ude for the evanescent wave spectra is lower when compared to
he conventional transmission experiments because of the rela-
ively short length of the E-glass ﬁbre bundle. In this instance, the
ength of the senor was limited by the length of the custom-made
ven for heating the impregnated E-glass bundle.ventional transmission and evanescent wave spectroscopy in conjunction with
as-received E-glass ﬁbres.
In Figs. 6 and 7, the predicted epoxy functional group conversion,
calculated from the autocatalytic model, was  ﬁtted to the experi-
mental results from the conventional transmission and evanescent
wave FTIR spectroscopy experiments respectively. The rate con-
stants and activation energies for the two sets of experiments are
summarised in Table 2. It is apparent from Fig. 6 that the auto-
catalytic model can be used to predict the cross-linking of the
EPO-TEK® 310M resin up to approximately 80% of epoxy conver-
sion. However, a deviation is observed between the experimental
and the predicted epoxy conversion after 80%, where the model
over-predicts the depletion of the epoxy functional group. The dis-
crepancy between the measured and predicted rate of depletion is
generally attributed to: (i) a change in the reaction mechanism from
chemical-controlled to diffusion-controlled reactions towards the
latter stages [10]; (ii) the fact that the rate constants for the primary
and secondary amine reaction rates may  be different (a single rate
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Table 2
Rate constant k for the EPO-TEK® 310M resin system when using transmission and evanescent wave Fourier transform infrared spectroscopy at speciﬁed processing
temperatures.
Temperature (◦C) Transmission FTIR Spectroscopy Evanescent wave FTIR Spectroscopy
k Ln(k) k Ln(k)
35 0.00025 −8.29405 0.0003 −8.11173
45  0.0005 −7.6009 0.0005 −7.6009
55  0.00095 
65  0.0018 
Activation Energy, kJ mol−1 56.8 
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iig. 13. Epoxy conversion  (%) for a high-performance epoxy/amine resin system
LY3505/XB3403) as a function of cross-linking time at (a) 60 ◦C and (b) 70 ◦C. The
ata were generated using conventional transmission FTIR and EWS.
onstant is assumed in the auto-catalytic model) [21]; (iii) the sum
f the reaction orders, m and n, being forced to equate to an integer
2 in the current case) in the curve ﬁtting routine; (iv) the obser-
ation that when the epoxy conversions are greater than 80%, the
ignal-to-noise decreases progressively.
In contrast to Fig. 6 (transmission FTIR spectroscopy), an
xcellent correlation is observed in Fig. 7 (evanescent wave spec-
roscopy) between the experimental and the predicted trends for
he cross-linking characteristics as a function of processing temper-
ture. Possible reasons for the superior correlation observed with
he evanescent wave spectroscopy data maybe due to: (i) the large
urface area that is available when using 2500 individual E-glass
laments with an average diameter of 15 um diameter with an
ffective length (including the region inside the SMA  connector)
f approximately 40 mm;  and (ii) as discussed previously, the pen-
tration of the evanescent ﬁeld increases as a function of refractive
ndex or cross-link density.−6.95905 0.0009 −7.01312
−6.31997 0.0016 −6.43775
48.5
With reference to Fig. 8, the cross-linking reactions that were
carried out at 35 ◦C, the rate of epoxy conversion is higher for the
evanescent wave spectroscopy dataset when compared with that
obtained from conventional transmission spectroscopy. However,
after approximately 80% of epoxy conversion, the reaction rates
were similar up to near-complete depletion of the epoxy functional
group. As the isothermal cross-linking temperature was increased
from 35 to 45, 55 and 65 ◦C (Figs. 8–11), the rate of epoxy conver-
sions were similar for the two cross-linking monitoring methods
up to approximately 55%. After this point, the epoxy conversion
rate conventional transmission FTIR spectral datasets for the con-
ventional transmission FTIR spectral dataset increased at a faster
rate until the depletion of the epoxy functional group. Likely rea-
sons for these observations were discussed previously. A summary
of the rate constants at the speciﬁed isothermal temperatures are
summarised in Table 2.
In Fig. 12, it is apparent that the Arrhenius plots for evanescent
wave sensor are similar to those obtained for transmission FTIR
spectroscopy data. The conclusion that can be reached on inspect-
ing Fig. 12 is that the cross-linking kinetics of the EPO-TEK® 310M
resin system can be monitored effectively using transmission and
evanescent wave FTIR spectroscopy; in the latter case, the reinforc-
ing glass ﬁbres were used as the sensor.
The feasibility of monitoring a high-performance thermosetting
resin using E-glass ﬁbres as the sensor was presented in Fig. 13(a
and b), where the processing was carried out at 60 and 70 ◦C. With
this high-performance resin, it is seen that the modelling of the
cross-linking kinetics, using the equations cited previously, match
the experimental data for the conventional transmission FTIR spec-
troscopy and E-glass-based evanescent wave spectroscopy. In this
instance, data were obtained up to approximately 50% and 60% con-
version of the epoxy functional group. This is because, after these
points, the refractive indices of the resin approaches and exceeds
that of the E-glass ﬁbres. Thus light guiding in the E-glass is not
possible beyond this point. It is proposed that since excellent cor-
relation is seen between the kinetic model and the experimental
data, when using evanescent wave spectroscopy to monitor the
cross-linking reactions (see Fig. 13(a) and (b)), the partial epoxy
conversion data up to 50–60% conversion will sufﬁce for assessing
if the cross-linking kinetics are proceeding as expected.
5. Conclusions
This study has demonstrated that E-glass ﬁbres can be used
as the sensing device to derive the cross-linking kinetics in con-
junction with evanescent wave spectroscopy. The theoretical basis
for the mode of operation of the evanescent-based “optical ﬁbre”
sensor was  presented. Two commercially available epoxy/amine
resin systems were investigated. In the ﬁrst case, the refractive
index of this resin system, after cross-linking to near-depletion
of the epoxy functional group was  below that of the refractive
index of E-glass. In the second case, the ﬁnal refractive index
of the cross-linked resin was higher than that of E-glass. The
impregnated E-glass bundles were conditioned isothermally at
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5, 45, 55 and 65 ◦C whilst conducting in-situ evanescent wave
pectroscopy via a ﬁbre-coupled near-infrared FTIR spectrometer.
onventional transmission FTIR spectroscopy experiments were
lso conducted in a separate temperature-regulated cuvette at the
bove-mentioned isothermal conditions. An auto-catalytic cross-
inking model was used to predict the cross-linking characteristic
f the epoxy/amine resins.
Excellent correlation was observed between the evanescent
ave spectroscopy experiments and the auto-catalytic models. In
he case of conventional transmission FTIR spectroscopy, the corre-
ation between the measured and experimental data were excellent
p to 80% of epoxy conversion; a small deviation was  observed after
his point. Possible reasons for this discrepancy were discussed.
With reference to the resin system that had a ﬁnal refractive
ndex that was higher than that of E-glass, as expected, it was only
ossible to monitor the depletion of the epoxy functional group up
o between 50 and 60%. However, it was proposed that since the
atasets for the transmission and evanescent wave spectral anal-
ses in this instance match, the previously derived rate constants
an be used to track and predict the progression of the cross-linking
eactions. The advantage of evanescent wave spectroscopy is that
n-situ cross-linking kinetic data provides real-time information
n speciﬁed chemical reactions taking place on the surface of the
einforcing glass ﬁbre.
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